In Brief
SUMMARY
Touch perception begins with activation of lowthreshold mechanoreceptors (LTMRs) in the periphery. LTMR terminals exhibit tremendous morphological heterogeneity that specifies their mechanical receptivity. In a survey of mammalian skin, we found a preponderance of neurofilament-heavy-chain + circumferential endings associated with hair follicles, prompting us to develop a genetic strategy to interrogate these neurons. Targeted in vivo recordings revealed them to be Ab field-LTMRs, identified 50 years ago but largely elusive thereafter. Remarkably, while Ab field-LTMRs are highly sensitive to gentle stroking of the skin, they are unresponsive to hair deflection, and they encode skin indentation in the noxious range across large, spotty receptive fields. Individual Ab field-LTMRs form up to 180 circumferential endings, making them the most anatomically expansive LTMR identified to date. Thus, Ab fieldLTMRs are a major mammalian LTMR subtype that forms circumferential endings in hairy skin, and their sensitivity to gentle skin stroking arises through integration across many low-sensitivity circumferential endings.
INTRODUCTION
Sensitivity to mechanical stimuli is crucial for communication and survival of all organisms. In the case of mammalian skin, innocuous mechanical stimuli are detected by a diverse group of cutaneous low-threshold mechanoreceptor (LTMR) subtypes with distinct morphologies, physiological properties, and functions. LTMRs are pseudo-unipolar sensory neurons whose cell bodies reside within dorsal root ganglia (DRG) or trigeminal ganglia. Their touch sensitivity derives from mechanosensitive peripheral axonal terminals that reside in the skin, where they associate with end organs that determine the geometry of their axonal terminals and force sensitivity (Loewenstein, 1969; Zimmerman et al., 2014) . Touch stimuli are encoded and further transferred via axons to the central nervous system (CNS), where LTMR inputs carrying distinct aspects of touch information converge and integrate (Abraira and Ginty, 2013; Lechner and Lewin, 2013) .
In mammalian hairy skin, at least seven LTMR subtypes tuned to distinct but overlapping features of a tactile stimulus have been described (Abraira and Ginty, 2013; Horch et al., 1977) . Each subtype forms specialized axonal terminals associated with end organs. Ab RA-LTMRs, Ad-LTMRs, and C-LTMRs form lanceolate endings, which extend along the long axis of hair follicles and rapidly or intermediately adapt to skin indentation (Li et al., 2011) . Ab SA1-LTMRs form disc-like axonal terminals that associate with Merkel cells, which are located in the basal epidermis around guard hair follicles and are themselves mechanically sensitive, endowing Ab SA1-LTMRs with their characteristic slowly adapting response property (Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014) . In contrast, Ab RA2-LTMRs terminate deep in the dermis, where they are wrapped by layers of cushion-like lamellar cells within Pacinian corpuscles; these serve as high-pass mechanical filters that underlie the unique Ab RA2-LTMR high-frequency vibration tuning property. Ab SA2-LTMRs also terminate in the dermis and may form Ruffini endings (Chambers et al., 1972) . The least understood LTMR subtype, the Ab field-LTMR (formerly called field receptor), first described nearly 50 years ago in the cat by Burgess and colleagues, is rapidly or intermediately adaptive to skin indentation (Burgess et al., 1968) . These neurons are sensitive to gentle stroking of the skin but rarely respond to deflection of individual hairs (Horch et al., 1977) . The terminal structure and skin arborization patterns of Ab field-LTMRs have not been determined, leaving open the question of how their distinct physiological properties arise.
All LTMRs have a central axonal projection that innervates the spinal cord dorsal horn. Undirected recordings indicate that five Ab-LTMR subtypes, including the Ab field-LTMR, also have an axonal branch that ascends via the dorsal column (DC) to the dorsal column nuclei (DCN) in the brainstem (Horch et al., 1976) , and these projections are considered important for the perception of discriminative touch (Ballermann et al., 2001 ; Dobry and Casey, 1972) . Here, we have taken an unbiased retrograde labeling approach to visualize the cutaneous endings of Ab-LTMRs with axons that ascend the DC to the DCN of mice. These experiments guided molecular-genetic strategies to label the Ab-LTMRs for which genetic tools do not currently exist, specifically Ab SA1-LTMRs as well as large myelinated cutaneous sensory neurons that give rise to circumferential endings associated with hair follicles. Importantly, physiological recordings from genetically labeled circumferential ending neurons reveal them to display key hallmarks of the elusive Ab field-LTMRs. We found that, in comparison to other hairy skin LTMRs, this LTMR subtype exhibits striking peripheral receptive field properties, unique ultrastructural features, characteristic LTMR central innervation patterns, and highly distinct tuning properties. Our findings establish the morphological and physiological properties of the Ab field-LTMR and support a model in which the weak mechanosensitivity and expansive organization of its circumferential endings explain this neuron's sensitivity to gentle stroking of the skin.
RESULTS

Identification of Cutaneous Sensory Neurons that
Innervate the DCN To visualize the cutaneous terminal morphologies of uncharacterized DCN-projecting Ab-LTMR subtypes, we designed an unbiased strategy to selectively label neurons exhibiting direct DCN projections. AAV2/1-Cre virus was injected bilaterally into the rostral DC at the first cervical level of R26 LSL-tdTomato mice to retrogradely infect DRG neurons and visualize their cutaneous axonal projections ( Figure 1A ). TdTomato + DRG neurons have large cell bodies and are neurofilament-heavy chain + (NFH + ) ( Figure S1A ), but they do not bind to the lectin IB4 and very few express CGRP ( Figures S1C and S1D ). These findings indicate that our retrograde labeling strategy is specific because small-or medium-sized DRG sensory neurons, including C-LTMRs, Ad-LTMRs, and most nociceptors, do not have an axonal branch that projects directly to the brainstem.
We next visualized the cutaneous terminal morphologies of tdTomato + neurons. In hairy skin, tdTomato + neurons form four types of endings. Close to the epidermis and between hair follicles, tdTomato + axonal terminals were observed wrapped by S100 + Schwann cells ( Figure 1B ) in structures that resemble Pacinian corpuscles (Luo et al., 2009) Figure 1E ). Thus, we have identified a DCN-projecting DRG neuronal population with a striking preponderance of NFH + circumferential endings in hairy skin of mice.
Circumferential endings were first described in rodents and cats in the 1980s (Millard and Woolf, 1988; Rice and Munger, 1986) . Just as there are multiple sensory neuron subtypes with lanceolate endings, experiments examining expression patterns of molecular markers showed that there are multiple neuronal types with circumferential endings (Fü nfschilling et al., 2004) . Indeed, we found that, in mouse hairy skin, there are only two molecularly distinct types of circumferential endings surrounding hair follicles, one expressing CGRP and the other expressing NFH ( Figures 1E and S1E-S1H (Albers et al., 1996) , and half of DCN-projecting DRG neurons are TrkC + ( Figure S1B Figure S2C ). In hairy skin, tdTomato is found in all NFH + circumferential endings ( Figure S2D ), all Ab SA1-LTMR endings associated with Merkel cells, and a subset of free nerve endings ( Figure S2E) spinal cord (Badea et al., 2012) . The cell types are identified based on the peripheral terminals ( Figures 2H and 2J ). The central projections of individual NFH + circumferential ending neurons bifurcate upon innervating the spinal cord, then project in both the rostral and caudal directions and sprout multiple collaterals that span 3.7 ± 0.3 spinal segments ( Figures 2L and S4A) . Moreover, the rostral axonal branch of each NFH + circumferential ending neuron projects to the DCN, where it forms collaterals ( Figures 2I and S4A ). These central projection patterns resemble hairy skin Ab-LTMR subtypes, including Ab RA-LTMRs (Niu et al., 2013) and Ab SA1-LTMRs, which form collaterals spanning 3.9 ± 0.2 spinal segments ( Figures 2M and S4B ) and innervate the DCN (Figure 2K ), although, interestingly, the majority of Ab SA1-LTMRs in DRGs below T10 do not project to the DCN (Figure S4B Figure 3D ). Thus, NFH + circumferential ending neurons are Ab-LTMRs that are highly sensitive to gentle skin stroke.
Interestingly, NFH + circumferential ending neurons exhibit a much higher force threshold than Ab RA-LTMRs and SA1-LTMRs when the skin is indented with von Frey filaments (Figure 3E ). These responses exhibited considerable trial-to-trial variability; therefore, we next used a force-controlled stimulator that could be precisely and consistently positioned over the skin. We found that each NFH + circumferential ending neuron's Figure 3F ). NFH + circumferential ending neurons also show few or no off responses, which are a hallmark of Ab RA-LTMRs ( Figure 3F ), further demonstrating that this is a distinct LTMR population.
We also made intracellular recordings from NFH + circumferential neurons using an ex vivo preparation. These recordings revealed inflected somal action potentials that were broader than the uninflected somal action potentials of Ab RA-LTMRs (Figure S5A) . Consistent with the in vivo recordings, individual receptive fields were composed of multiple hotspots. Application of controlled forces using a blunt probe (1 mm diameter) centered over a hotspot revealed that NFH + circumferential neurons have an indentation threshold of about 5 mN ( Figure S5C ), which is considerably higher than that of both Ab RA-LTMRs and Ab SA1-LTMRs (McIlwrath et al., 2007) . Moreover, indentation responses became more slowly adaptive and firing rates increased as forces increased into the noxious range ( Figure S5C ). These neurons responded far more vigorously when the same hotspots were indented with sharp probes ( Figure S5D ) and even more robustly when coaxial forces were applied to individual hairs (hair pull) in the hotspot ( Figures S5B and S5E) . Thus, while NFH + circumferential neurons are highly responsive to gentle skin stroking and are therefore an LTMR, these neurons also exhibit hallmarks of myelinated nociceptors (Burgess and Perl, 1967; Djouhri and Lawson, 2004; Koerber et al., 1988) . Both Ab RA-LTMRs and Ab field-LTMRs are hairy skin innervating, predominantly rapidly adapting LTMR subtypes that are sensitive to skin stroking. Unlike Ab RA-LTMRs, Ab field-LTMRs do not respond to deflection of individual guard hairs (Horch et al., 1977) . Therefore, we next performed in vivo recordings to ask whether NFH + circumferential ending neurons are sensitive to guard hair deflection by moving a brush across the tips of guard hairs, which extend beyond awl/auchene and zigzag hairs. In all cases tested, this stimulus elicited bursts of spikes in Ab RA-LTMRs but failed to excite NFH + circumferential ending neurons ( Figures 3G and 3H ). Taken together, the NFH + circumferential ending neuron is an Ab-LTMR that is exquisitely sensitive to gentle stroking of the skin; relatively insensitive to skin indentation, with a rapidly adapting discharge at low to moderate indentation forces; and insensitive to deflection of guard hairs. Thus, the properties of NFH + circumferential ending neurons match those of both classically defined Ab field-LTMRs (Horch et al., 1977) and a subset of myelinated nociceptors (Burgess and Perl, 1967) and are hereafter referred to simply as Ab fieldLTMRs.
Ab Field-LTMRs Associate with Hair Follicles yet Are Insensitive to Hair Deflection Ab field-LTMRs reportedly respond to deflection of multiple hairs spanning a large stimulus ''field,'' which may be explained by simultaneous deflection of many hairs or the inevitable stimulation of skin that occurs when stroking a large group of hairs (Horch et al., 1977) . To distinguish between these possibilities, we measured the extent of skin and hair displacement orthogonal to the skin surface and found that air puff stimuli could be titrated to elicit varying amounts of hair deflection without significant skin displacement, while indentation with a servo-actuated von Frey filament produced displacement of both hairs and skin that were similar in magnitude ( Figures 4A and 4B) . Next, we measured the response properties of Ab field-LTMRs to air-puff-induced hair deflection. As expected, both air puff and skin stroking elicited robust spiking in Ab RA-LTMRs ( Figure 4C ). Moreover, Ab RA-LTMR spike frequency increased with the speed of the air puff and reached a plateau at an air puff speed of 30 m/sec ( Figure 4D) . Remarkably, the response of Ab RALTMRs to air puff was entirely dependent on the presence of hairs; experiments in which hairs were removed during the recording period showed that the response to air puff, but not to skin stroking, was abolished following hair removal ( Figures  4C and 4D ), further confirming that air puff elicits hair deflection with minimal skin indentation. In contrast, neither Ab fieldLTMRs nor Ab SA1-LTMRs responded to air puff at any stimulus intensity, including those that saturate the Ab RA-LTMRs (Figures 4C and 4D) . Additionally, Ab field-LTMR responses to gentle stroking of the skin were similar before and after removing hairs, demonstrating that the stroke sensitivity of these neurons does not rely on hair shafts. Thus, Ab field-LTMRs are categorically insensitive to hair deflection despite their association with hair follicles. Moreover, Ab field-LTMRs, Ab RA-LTMRs, and Ab SA1-LTMRs have distinct response properties to mechanical stimulation; while all three Ab-LTMR subtypes respond to gentle stroking of the skin, Ab RA-LTMRs and Ab SA1-LTMRs, but not Ab field-LTMRs, respond to gentle skin indentation, and only Ab RA-LTMRs respond to hair deflection.
Micromechanical Determinants of Ab-LTMR Sensitivity
Ab field-LTMRs and Ab RA-LTMRs both form endings around hair follicles, and yet they exhibit different sensitivities to hair deflection and skin indentation. We hypothesized that the ultrastructural architecture of their cutaneous endings and the mechanics of the surrounding tissues may explain this differential sensitivity. We first used transmission electron microscopy (TEM) to define the ultrastructural features of circumferential and lanceolate terminals. Interestingly, a cross-sectional analysis of individual hair follicles clearly shows that while both lanceolate (Ab RA-LTMR) and circumferential (Ab field-LTMR) endings are associated with hair follicles, they reside within distinct layers. Lanceolate endings are located within an inner region, where they closely abut the basement membrane of hair follicle epithelial cells with an average distance of $100 nm ( Figures 5A and 5C ), as previously described (Li and Ginty, 2014) . In contrast, circumferential endings reside within an outer region of the follicle surrounding the lanceolate endings and are thus considerably more distant from the follicle (Figures 5A-5C ; average distance, 4 mm). Strikingly, both types of sensory endings are aligned with collagen fibers that are organized in parallel to the orientation of the axon terminals ( Figures 5A-5C ).
To identify an ultrastructural basis for the unique tuning properties of Ab RA-LTMRs and Ab field-LTMRs, we estimated the extent to which hairy skin mechanical stimulation is transformed into strain, a normalized local deformation, acting upon lanceolate and circumferential endings using a finite element model (FEM) encompassing the mechanical properties of the skin, hair, hair follicle, and the two layers of collagen networks. We simulated activation of axon terminals by delivering three stimuli that mimic those used for electrophysiological recordings (see Figures 3 and 4) : 100 mm hair deflection and 0.8 mN or 10 mN indentation applied to a skin region adjacent to the hair follicle ( Figures 5D-5F , bottom). FEM simulations suggest that considerably more strain acts upon lanceolate endings than on circumferential endings in response to both hair deflection and skin indentation ( Figures 5D-5H and Table S1 ). The maximum strain on lanceolate endings in response to 100 mm hair deflection or 0.8 mN skin indentation is comparable ($2e À3 ) and is much higher than that acting on circumferential endings ($5e À4 ) (Figures 5D , 5E, 5G, 5H). Simulation using 10 mN skin indentation, which is close to the von Frey threshold of Ab field-LTMRs, predicted the maximum strain acting on circumferential endings to be $6e À3 ( Figure 5F ). This is greater than the strain following 100 mm hair deflection (18-fold) and 0.8 mN skin indentation (12-fold) but is only slightly higher than the strain on lanceolate endings in response to 100 mm hair deflection and 0.8 mN skin indentation (3-fold). These simulated strain measurements are consistent with our physiological measurements of the relative sensitivities of the two neuronal types. We next performed similar FEM simulations in the absence of the two layers of collagen observed by TEM. The strain on lanceolate endings was similar in the presence and absence of the two layers of collagen. In contrast, for circumferential endings, the strain in response to indentation in the absence of two collagen layers was $50 times greater than that when both collagen layers were present ( Figure 5I and Table S1 ). Taken together, these FEM simulations suggest that the strain acting on Ab RA-LTMR lanceolate endings is greater than the strain acting on the Ab field-LTMR circumferential endings following both hair deflection and skin indentation and that the outer collagen layer may serve to dampen responses of Ab field-LTMR circumferential endings to skin indentation.
Ab Field-LTMRs Have Unusually Large Receptive Fields with Many Weakly Mechanosensitive Foci and Long Distances between Their Axon Terminals and Spike Initiation Segments
Although Ab field-LTMRs are relatively insensitive to focal indentation, they are highly sensitive to gentle stroking of skin. How do Ab field-LTMRs acquire their sensitivity to gentle stroking across large areas of skin? One potential mechanism is that many weakly mechanosensitive endings of individual Ab field-LTMRs are elaborated over a large area of skin, and thus stimuli that sweep across the entirety of an Ab field-LTMR's endings generate multiple receptor potentials that sum throughout the arbor and induce greater responses. To test this hypothesis, we first generated fine-scale receptive field maps of Ab fieldLTMRs using in vivo electrophysiological recordings. Stimuli were delivered using a sharp-tipped (20 mm in diameter) forcecontrolled indenter, which was systematically translated over the skin of the dorsal thigh at 50 mm intervals. This distance was chosen to match the spatial scale of hair follicles and the spacing between them (Figures S6A and S6B) . The resulting (D) Air-puff-evoked spiking responses from Ab field-LTMRs (n = 6), Ab SA1-LTMR (n = 3), Ab RALTMRs (n = 4), and Ab RA-LTMR after hair removal (n = 4). Firing rates computed over the entire 100 ms air puff are plotted against the speed of the air at the stimulator nozzle, which was placed 12 mm above the skin. All Ab RA-LTMR retained sensitivity to stroke after hair removal (C, data not shown), demonstrating that they remained mechanically sensitive despite loss of air puff responses. Traces are offset for clarity. spatial receptive field maps are composed of the spiking responses to indentations delivered to 3,200 separate positions.
Strikingly, Ab field-LTMR responses to 27 mN step indentations showed that the punctate hotspots, described above in both in vivo and ex vivo recordings, are distributed over 3-4 mm 2 of the skin. Responses to stimulation of hotspots (half-width, $60 mm; n = 2 with full receptive fields) exceeded 100 Hz, and hotspots were separated by insensitive stretches where skin stimulation evoked zero to two spikes ( Figures 6A  and 6B ). Thus, individual Ab field-LTMRs exhibit unusually large receptive fields composed of many weakly mechanosensitive hotspots distributed over a 3-4 mm 2 area of skin. To compare the physiological receptive fields to the peripheral anatomy of individual Ab field-LTMRs, we next performed sparse labeling using TrkC CreER ; Brn3a f(AP) mice. Individual Ab field-LTMR axons branch in the skin to give rise to circumferential endings associated with a remarkably large number of hair follicles ( Figures 6C, S6C, and S6E) . Despite a large range in the number of associated hair follicle endings (20-180 hair follicles per neuron), most Ab field-LTMRs innervate a large Table S1. area of skin (3.1 ± 0.1 mm 2 , Figures   6C, S6D , and S6F). Importantly, these Ab field-LTMR morphologies bear striking resemblance to their receptive fields ( Figure 6B ), suggesting that individual or small groups of circumferential endings are the fundamental mechanosensitive units of Ab fieldLTMRs.
How unique is the anatomy of the Ab field-LTMR? We next compared the morphological receptive fields of Ab field-LTMRs to all other hairy skin LTMRs, including Ab SA1-LTMRs, Ab RALTMRs, Ad-LTMRs and C-LTMRs, using sparse genetic labeling strategies specific for each LTMR subtype. Indeed, individual Ab RA-LTMRs ( Figure 7B ) associate with many fewer hair follicles ( Figures 7F, S6C , and S6E), and most of these neurons innervate a small skin area ( Figures 7F, S6D , and S6F) compared to Ab field-LTMRs ( Figures 7A and 7F) . Individual Ab SA1-LTMRs typically innervate only one or two touch domes (74% or 26%, respectively) ( Figures 7C and 7F) , consistent with other measurements (Lesniak et al., 2014; Wu et al., 2012) . The remaining hairy skin LTMRs, including Ad-LTMRs and C-LTMRs, have smaller morphological receptive fields and innervate fewer hair follicles ( Figures 7D-7F and S6C-S6F) . Thus, Ab field-LTMRs have unusually expansive receptive fields containing the largest number of specialized mechanosensory terminals of any known mammalian LTMR type.
Given the Ab field-LTMR's sensitivity to gentle skin stroke, we next asked whether the expansive terminal fields of Ab field-LTMRs exhibit morphological features consistent with subthreshold integration across multiple circumferential endings. We therefore determined the length of unmyelinated axon segments spanning between the Ab field-LTMR spike initiation site (SIS) and its circumferential terminals, and the findings were compared to those of Ab SA1-LTMRs and Ab RA-LTMRs. SISs were visualized using myelin basic protein (MBP) in combination with bIV-spectrin immunostaining (Lesniak et al., 2014; Yang et al., 2007) . The average distance between sensory terminals and the SIS was calculated for individual Ab-LTMRs that were either genetically labeled (Ab RA-LTMRs or Ab field-LTMRs) or immunolabeled (Ab SA1-LTMRs). Our analysis showed that SISs and initial myelination segments are uniformly localized within very close proximity to the sensory terminals of both Ab SA1-LTMRs and Ab RA-LTMRs ( Figures 7H-7J ). In contrast, Ab field-LTMR SISs are located at variable distances ( Figures  7G and 7J ) from their circumferential terminals, and their unmyelinated axon segments are significantly longer than those of Ab SA1-LTMRs and Ab RA-LTMRs . In some cases, Ab field-LTMR SISs were located too far from the hair follicle to identify ( Figure S7D and data not shown). Similar findings were obtained in experiments in which the three types of Ab-LTMRs were immunolabeled using NFH ( Figures S7A  and S7B ). Thus, Ab field-LTMRs are unique among hairy skin Ab-LTMR subtypes in that their initial sites of myelination and SISs are often localized far from the circumferential endings around hair follicles. Taken together, Ab field-LTMRs have large, spotty receptive fields containing many weakly mechanosensitive circumferential endings distributed across a large area of skin and SISs located at variable and often considerable distances from the hair follicles with which they associate. We propose that these unique physiological and morphological properties underlie the sensitivity of Ab field-LTMRs to gentle stroking across large fields of skin.
DISCUSSION
Sensory neurons that innervate the skin exhibit tremendous anatomical diversity. For the LTMRs, which mediate our sense of touch, the specialized anatomy of their endings is intimately related to their functions as mechanotransducers. Here, we report the generation of murine genetic tools that label Ab field-LTMRs, a major population comprising >4% of DRG neurons in the mouse. Ab field-LTMRs are prevalent across mammalian species, and we find that, in mice, each innervates up to 180 hair follicles with specialized NFH + circumferential
endings. Electrophysiological recordings demonstrate that they are highly sensitive to gentle stroking of the skin but do not respond to hair deflection. Moreover, Ab field-LTMRs are increasingly responsive to skin indentation in the noxious range and have large, spotty indentation receptive fields; these properties are unique among the Ab-LTMR subtypes and have been ascribed to Ab nociceptors (Djouhri and Lawson, 2004) . Therefore, Ab field-LTMRs may have a nociceptor function, and a test of this possibility will require activation, silencing, or ablation approaches and behavioral measures. The Ab field-LTMR is highly sensitive to gentle skin stroking while, on the other hand, it is remarkably insensitive to innocuous skin indentation and completely unresponsive to hair deflection. Our in vivo recordings, FEM, and morphological analyses support a model in which Ab field-LTMRs attain this unique sensitivity through integration across a large number of weakly mechanosensitive hotspots distributed across the skin. Although the precise number of hotspots is difficult to ascertain, their approximate number and distribution is strikingly similar to those of circumferential endings from individual Ab field-LTMRs, visualized by sparse genetic labeling. The simplest interpretation of this observation is that each Ab field-LTMR circumferential ending is a weakly mechanosensitive unit. Why are individual circumferential endings of Ab field-LTMRs weakly mechanosensitive compared to Ab RA-LTMR lanceolate endings? One important clue stems from the observation that Ab RA-LTMR lanceolate endings are closely associated with hair follicle epithelial cells, whereas Ab field-LTMR circumferential endings are not. In fact, the naked axonal membrane of individual lanceolate projections resides within 100 nm of the hair follicle epithelial cell membrane (Li and Ginty, 2014) ( Figures 5A and 5C ). This intimate physical apposition strongly implicates the lanceolate membrane immediately adjacent to the hair follicle epithelial cell as the site where hair-deflection-induced mechanical forces are transduced into Ab RA-LTMR axonal membrane depolarization and excitation. In contrast, Ab field-LTMR circumferential endings are located about 4 mm from hair follicle epithelial cells, where they are enveloped by terminal Schwann cell processes. Another distinguishing feature is that Ab RA-LTMR lanceolate endings are arranged within an inner follicle region containing longitudinally oriented collagen fibrils, whereas Ab field-LTMR circumferential endings are located within an outer follicle region comprised of circumferentially oriented collagen fibrils. Our FEM simulations suggest that these features render Ab fieldLTMRs less susceptible to strain following both hair deflection and skin indentation.
Our analysis of MBP and bIV-Spectrin localization patterns suggests an additional defining feature of Ab field-LTMRs. We found that Ab field-LTMR SISs are often distant from their circumferential endings, whereas, in all cases analyzed, Ab RA-LTMR and Ab SA1-LTMR SISs are located immediately adjacent to their sensory terminals. Together, these findings support a model in which three distinguishing features of Ab field-LTMRs render these neurons selective for stroke among innocuous touch stimuli. These features are: (1) Ab field-LTMR circumferential endings are located in an outer layer of circumferentially oriented collagen fibers, and thus, compared to Ab RA-LTMR lanceolate endings, circumferential endings are relatively insensitive to hair deflection or innocuous skin indentation; (2) the terminal fields of Ab field-LTMRs are extremely large, with individual neurons innervating up to 180 hair follicles in areas that encompass $3 mm 2 , enabling convergence and summation of receptor potentials emanating from multiple circumferential endings; and (3) Ab field-LTMR SISs are typically located >100 mm away from the circumferential endings, suggesting a lower transformation efficiency of receptor potentials to action potentials as well as integration across multiple terminals in the receptive field. We propose that, when a ''field'' of weakly mechanosensitive circumferential endings is activated, receptor potentials emanating from individual circumferential endings converge or summate at distally located SISs to initiate Ab field-LTMR spiking. In contrast, the extremely close apposition of hair follicle epithelial cells and Ab RA-LTMR lanceolate endings and thus the high sensitivity to shear on these endings during follicle movement, as well as the immediate adjacency of these lanceolate endings to SISs, enable Ab RA-LTMRs to spike following deflection of a single hair. Thus, the unique physiological response properties of Ab field-LTMRs are a consequence of their terminal morphology, their mechanical linkage to the follicle and surrounding skin, and the location of their SISs. It is also likely that LTMRs differ in expression of mechanically gated ion channels and transduction machinery, and such molecular differences may also contribute to their unique physiological response properties.
We propose that Ab field-LTMRs, with their characteristic expansive receptive fields comprised of large numbers of weakly mechanosensitive circumferential endings, contribute to LTMR activity ensembles that underlie percepts associated with gentle stroking across large fields of hairy skin. Future work will define the contributions of Ab field-LTMRs to tactile perception and sensory-motor reflexes and the postsynaptic partners and circuits in the dorsal horn and brainstem that receive, integrate, and process Ab field-LTMR and other LTMR subtype activities.
EXPERIMENTAL PROCEDURES
Procedures are summarized below. See the Supplemental Experimental Procedures for more detailed descriptions of each section. (Badea et al., 2009; Gong et al., 2003; Li et al., 2011; Luo et al., 2009; Madisen et al., 2015; Rotolo et al., 2008; Rutlin et al., 2014; Uesaka et al., 2008) .
Mouse Lines
Histological Analyses
Immunohistochemistry of tissue sections, whole-mount immunohistochemistry, and whole-mount AP histochemistry were performed using standard procedures (Li et al., 2011) .
Electrophysiological Recordings
In vivo recordings were performed on genetically identified L4 DRG neurons of isoflurane anesthetized mice. To measure stimulus-evoked action potentials, a borosilicate extracellular electrode was visually guided under reflective optics to fluorescently labeled neurons and a loose seal formed. Stimuli were delivered to the hairy skin of the dorsal hindlimb. Intracellular recordings using an ex vivo skin-nerve preparation of 2-to 3-month old animals were performed with dorsal back skin, dorsal cutaneous nerve, thoracic DRGs, and spinal cord intact (Woodbury et al., 2001 ).
Electron Microscopy
Fixed hairy skin was stained with 1% osmium tetroxide/1.5% potassium ferrocyanide followed by 1% uranyl acetate, gradually dehydrated with ethanol, and embedded in Epon for ultrathin sectioning and TEM imaging.
FEM Simulations
FEM simulations of the hair follicle ultrastructure were built in Abaqus Standard (version 6.13). The model includes five parts: the skin, the hair core, the surrounding hair follicle, and two layers containing collagen fibers with co-axial and circumferential orientations. 
SUPPLEMENTAL INFORMATION
